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Description 

Background of the Invention 

This invention relates generally to fber optic rotation sensors and particularly to techniques for forming sensing 
coils used in such sensors to reduce the effects of vibrational and thermally induced nonrecrprocWes. 

A fber optic rotation sensor uses the Sagnac effect in a coil of optical fiber to detect rotations about a sensing axis 
that is perpendicular to the plane of the coil. Counterpropagating light waves in the sensing coil experience a phase shift 
that is related to the rotation rate. The phase shift is seen as a change in the interference pattern formed by the waves 
when they are combined. The interference pattern is produced when two waves of the same polarization have traversed 
the fiber optic sensing coil in opposite directions and then interfere. The interference pattern may be monitored by 
directing it onto a photodetector, which produces an electrical signal indicative of the intensity of the light in the interfer- 
ence fringe pattern. 

Theoretical analyses of the f ber optic rotation sensor have led to the conclusion that this sensor could measure 
rotation rates to 0.0 r/h or better. This sensitivity range would permit the fiber optic rotation sensor to be used as a nav- 
igation-grade gyro in competition with laser gyros and conventional spinning-mass gyros. 

Experimental results show that the sensitivity is limited by non-reciprocrty bias error in the fber optic sensing coil 
and other parts of the optical path. This non-recprocrty bias error can be greatly reduced by ensuring that the interfer- 
ometer uses only a single polarization state in a single-mode birefringent fiber. However, even when a single mode and 
single state of polarization are used, the accuracy of the fiber optic rotation sensor can be limited by a thermally induced 
nonreciproctty in the fber coil. This thermally induced nonreciprocity is known as the Shupe effect and is described in 
Shupe, Thermally induced nonreciprocity in the fiber-optic interferometer." Applied Optics. Vol. 19(5), 654-655 (1980). 

Thermally induced nonreciprodty can occur if there is a time-dependent temperature gradient along the fiber. Non- 
reciprocity arises when the corresponding wave fronts in the two counterrotatng beams traverse the same region of the 
fber at different times. If the fber"s propagation constant varies at differert rates along the fber, the carespc^ng wave 
fronts in the two counterrotating beams traverse a slightly different effective path. This creates a relatively large nonre- 
ciprocal phase shift that is indistinguishable from the phase shift caused by rotation 

To prevent the thermally induced nonretiprocHy from limiting gyro accuracy, the angular error should be less than 
0.0078" for an operating time of one hour. This would require limit temperature changes to AT < 6.7 x 10 3 "O according 
to Shupe's above-referenced article- ft is very difficult to maintain this amount of temperature uniformity under relatively 
steady operating conditions, let alone during warm-up or the changing environmental conditions that rotation sensors 
frequently experience. 

One method for redudng the Shupe effect is to form the optical fber from a material having a low refractive-index 
temperature coefficient. A second method is to wind the fiber-optic coil so that parts of the fber that are at equal dis- 
tances from the coil center are beside each other. An example is the well-known quadrupole wind. 

Even though quadrupole winding is helpful in reducing the overall Shupe bias due to axisymmetric perturbations, 
there is always a small residual bias due to an incomplete cancellation of the different contributions within the same 
quadrupole. These residual biases due to the different quadruples add up to an overall bias error. 

Summary of the Invention 

The method according to the present invention for reducing FOG bias vibration sensitivity and bias temperature- 
ramp sensitivity, i.e. non-reciprocal bias errors caused by the Shupe effect, comprises controlling and adjusting coil 
geometrical factors such as the coH potted length, the adhesive layer thickness, the number of turns per layer, the 
number of layers and how the coil is terminated (as complete quadrupole, a olapole, an incomplete quadrupole or as 
an incornplete diapole). 

The method according to the present invention for reducing non-reciprocal bias errors caused by the Shupe effect 
in a fiber optic coil comprises the steps of: 

(a) defining a set of geometrical factors for the coil; 

(b) selecting a member of the set of geometrical factors; 

(c) winding a plurality of fiber optic coils in which the selected geometrical factor is varied; 

(d) measuring the Shupe bias in each of the plurality of fiber optic coils; 

(e) selecting the optimum value and tolerance for the selected geometrical factor to minimize the Shupe bias; and 

(f) controlling the selected geometrical factor within the selected tolerance while fabricating the coil. 
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Brief Description of the Drawings 

FIG. 1 illustrates a ftoer optic coil and parameters used in understanding the Shupe effect; 

FIG. 2 illustrates a cylindrical coordinate system used in analyzing the Shupe effect in a fiber optic coil; 

FIG. 3 illustrates a clockwise turn and counterclockwise turn in a ffoer optic coil; 

FIG. 4 illustrates parameters of the i* 1 counterclockwise turn in a fiber optic coil; 

FIG. 5 illustrates parameters of the j m counterclockwise turn in a fiber optic coil; 

FIG. 6 graphicaBy fflustrates the measured rotation rate output of a first ftoer optic rotation sensor as a function of 
vibration frequency for vibrations along the axis of the coil; 

FIG. 7 graphically illustrates the measured rotation rate output of a second fiber optic rotation sensor coil as a func- 
tion of vibration frequency for vibrations along the axis of the coil; 

FIG. 8 graphically illustrates the measured rotation rate output of a third f toer optic rotation sensor as a function of 
vibration frequency for vtorations along the axis of the coil; 

FIG. 9 graphically illustrates the measured rotation rate output of a fourth fiber optic rotation sensor as a function 
of vibration frequency tor vibrations along the axis ol the coil ; 

FIG. 10 graphically illustrates the measured rotation rate output of afifth fiber optic rotation sensor coil as a function 
of vtoration frequency tor vibrations along the axis of the coil; 

FIG. 1 1 graphically illustrates the measured rotation rate output of a sixth fiber optic rotation sensor coil as a func- 
tion of vibration frequency for vibrations along the axis of the coil; 

FIG. 12 graphically illustrates the measured rotation rate output of a seventh fiber optic rotation sensor coil as a 
function of vibration frequency for vibrations along the axis of the coil 

FIG. 13 graphically illustrates the measured rotation rate output of an eighth fiber optic rotation sensor coil as a 
function of vibration frequency for vibrations along the axis of the coil; and 

FIG. 14 graphically illustrates bias axial vibration sensitivity as a function of potted coil length. 

Description of the Preferred Embodiment 

The most important features of the Shupe effect are: 

1 . The contribution of a particular coil segment to the Shupe bias error is multiplied by the distance of that segment 
to the coil midpoint; 

2. The contribution of a particular coil segment to the Shupe bias error is a function of the time derivative of the 
phase perturbation, which is in quadrature with the perturbation if the perturbation is sinusoidal; and 

3. Cancellation of Shupe bias errors if the phase perturbations acting on coil segments that are equidistant from 
the midpoint ("matched segments") are equal in both magnitude and sign. 

Theses and other features of the Shupe effect are explained in conjunction with the following mathematical deriva- 
tions. For convenience in understanding and following the mathematical derivations, the following-listed variables are 
used: 

e(s. t) time-dependent phase perturbation function. 
e(r, e, z, t) time-dependent phase pertmbation function; 
r, e, z coil cylindrical coordinates; 
Sj 0 distance of coil midpoint to beginning of i ,h f toer turn; 
rj, Zi radius and axial position of I th fiber turn; 
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s, s' coordinates along the coil with the origin located at the coil midpoint and s increasing in the CCW direc- 
tion and s' increasing in the CW direction; 

t coordinate along the coil with the origin located at one of the coH ends; 

x light transit time through the coil; 
Uc coH length; 

T shortest characteristic time of phase perturbation; 

N number of turns in fiber optic sensing coil; 

n refractive index; and 

X wavelength (in vacuum). 

- ^^ SU !! * al 8 time - de P ende,1 » P^se perturbation is acting on a sensing coB 10 that is schematically represented 
m FIG. 1 . The phase perturbation function is defined as the change of phase per unit length 



experienced by the light when traversing a small coil segment of length d/= ds . This phase change is due to tempera- 
so ture or pressure perturbations that act on the fiber. 

The time delays of the CCW and the CW waves from a particular coil segment to the coil ends are 



iH) 



respectively. Therefore, the overall phase changes on the CCW and the CW waves due to the perturbation are obtained 
by integrating the contributions of all coil segments: 



to 



The Shupe bias eiror is given by the phase difference between the CCW and the CW waves, which is obtained by 
subtracting Eq. (2) from Eq. (1): y 
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(3) 



Changing the time origin from 0 to -c/2 makes the expression for the Shupe bias error become: 




(4) 



Assume that the phase perturbation is a continuous differentiable function that can be expanded in Taylor series: 




and. thus |At|<±. 

Also assume that the phase perturbation function is characterized by a time T that is related to the maximum rate 
of change <o of the perturbation by T = 2re/<o . 

If the characteristic time T is much longer that the coil light transit time, it is expected that the higher order terms in 
the Taylor series will be small. Therefore, the Taylor series can be truncated and terms up to second order only need to 
be considered. The expression of Eq. (5) then becomes: 



efet+At) = a(s.t) + 1| „ At + \ *£\ m (At) 2 + \ (M) (At) 3 + ... 



(5) 




The Shupe bias error expression of Eq. (4) becomes: 




ds. 



(7) 



Combining terms in Eq. (7) gives: 




(8) 
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It should be noticed that the even terms of Ihe expansion cancel out in the expression for the Shupe bias error. 
Now a few mathematical steps are applied to Eq. (8) to arrive at a more useful expression for the Shupe bias error. 
First the integral of Eq. (8) is separated into two steps: 




Now the integration limits of the second integral in Eq. (9) are reversed: 




Now change the integration variable from s to s' = -s : 

Finally, the following expression for the Shupe bias error is obtained: 




The previous derivation of the expression of Eq. (12) for the Shupe bias error is completely general. It is based on 
fundamental properties of the Sagnac loop, namely that the Sagnac loop operates as a delay line with a characteristic 
time t, which is the light transit time through the coil and that the interfering waves (CW and CCW) travel in opposite 
directions in the sensing loop. In addition, the derivation assumes that the phase perturbation will vary with time very 
slowly with respect to the light transit time through the coil 

The contribution of a coil segment to the Shupe bias error is just the difference in the phase perturbation acting on 
that segment at two times: the timet, at which the CCW wave passes through that segment, and the time t 2 at which 
the CW wave passes through the same segment (see Eqs. (3) or (4)}. The difference |tj> - t,| Is smaller than t. Conse- 
quently, since it is assumed that the phase perturbation is slow with respect to t, the higher order terms in the Taylor 
series for the phase perturbation function (for example, to second order) may be neglected. 

Because of making a second order expansion of the phase perturbation function, Ihe contrtoution of the coil seg- 
ment to the Shupe bias error becomes proportional to the tJmfrderivative of the phase perturbation and the distance of 
the segment to the coil midpoint because |t 2 - 1,| is proportional to that distance. 

The variables s and s' in Eq. (12) are both positive, but they are measured in opposite directions. That is. one 
increases In the CCW direction and the other one in the CW direction 

Eq. (1 2) suggests dividing the coil in two halves separated by the coil midpoint, the "CCW hatf (CCW turns)" and 
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the "CW half (CW turns}." The CCW half is the part of the coil which is traversed by the CCW wave after this wave has 
passed the coB midpoint. A similar statement applies for the CW hatf. 

Furthermore, Eq. (12) facilitates an understanding of the importance of "matched coil segments.* For each coil seg- 
ment in the CCW half there is another segment in the CW half which is at the same distance to the coil midpoint 
("matched segments"). As Eq. (12) shows, rf the phase perturbations acting on matched segments are equal in magni- 
tude and sign then the contributions of the matched segments to the Shupe bias error cancel out. 

This is the principle on which the methods of coil winding for reduction of the Shupe error are based. The standard 
quadrupole wind is an example of a winding pattern designed to minimize the influence of radial time-varying tempera- 
ture gradients. Certain types of quadrupole configurations also help reduce the effect of axial gradients. However, the 
Shupe bias error due to perturbations not having axial symmetry (transverse or azimuthal perturbations) are not nec- 
essarily reduced by quadrupole winding. 

Eq. (8) is also useful in understanding the Shupe effect. K the time rate of change of the perturbation is an even 
function of the coordinate s, then the integral vanishes because the product of thai function times s is odd; and the inte- 
gral of an odd function over an interval symmetrical about the origin is zero. If the perturbation is mainly "radial" or 
"axial," quadrupole winding tends to make the perturbation an even function of s. therefore, the Shupe bias error is 
small. However, if the rate of change of the perturbation is an odd function of s, its product with s is even. thus, the con- 
tributions from the positive and the negative s coordinates add up instead of subtract and the Shupe integral can be 
targe, even with quadrupole winding. The latter could be the case for transverse vbraBon when the vibration axis is per- 
pendicular to the Bne joining the spool center and the coil midpoint. The general expressions for the Shupe bias error 
derived above apply to Shupe 1 and Shupe 2 ("pressure" Shupe) and to vibration-Shupe (transverse and axial). 

In the next portion of the derivation, the phase perturbation function is written in terms of the cylindrical coordinates 
r, e, z and the time coordinate t. For each fiber turn, the coordinates r and z are approximately constant. Thus the inte- 
gral per fiber turn is over the angular coordinate e only. This is the only step in the calculation where an integration has 
to be performed. This step involves the azimutha! (e) dependence of the perturbation only. The rest of the calculation 
consists of summing over the contributions of all turns. 

Referring to FIG. 2, a system of cylindrical coordinates r, e, z is defined, The counter-clockwise direction is arbitrar- 
ily selected as the direction of positive angle e. The coil is divided into CCW and CW turns. The CCW turns are those 
in which the light traverses when going in the CCW direction after it has passed the coil midpoint. Likewise, the CW 
turns are those in which the light traverses when going in the CW direction after it has passed the coil midpoint 

Let the angle 9 be zero at the line joining the center of the spool with the coil midpoint. From that line and the coil 
midpoint the first CCW and CW turns are def ined as shown in FIG. 3. The beginning point of the i* turn is defined as 
the point at which that turn intersects the previously defined line where 9 = 0. Further, let s jo be the distance along the 
coil from that point to the coil midpoint. In general the distance will be an integral number of circular perimeters. 

The Shupe bias error is calculated as an integral in cylindrical coordinates of the time-derivative of the phase per- 
turbation function. The second member of Eq. (12) above will be transformed into a sum over the fiber turn contribu- 
tions. Because for each turn the coordinates r and z are approximately constant, the integral per turn is over the angle 
eonfy. 

It should be noted that because of the convention of positive e, for a CCW turn the angle 0 varies from 0 to 2*, 
whereas for a CW turn, the angle 0 varies from 0 to - 2k. This is an important point because the first integral in Eq. (1 2) 
is performed in the sense of increasing s. which is increasing 0 and the second integral is performed in the sense of 
decreasing 6. Eq. (12) thus becomes 



The next step is to find relationships between s and ft and between s' and ft. The relationships are summarized 
below. Referring to FIG. 4, for the i m CCW turn as shown s > 0 and 9 > 0. The angle e may be expressed as 




(13) 




(14) 



Solving for the coordinate s gives 



s = 



(15) 



The variables r jt s, s p are all greater than zero. The angle 9 satisfies the relation 0 < 6 < 2%. The incremental dis- 
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nee ds = rjde. 

For the j» CW turn, referring to FIG. 5, the angle e is given by 



Solving for the coordinate s' gives 



s = s, 0 -r,e. (17) 

The variables r } , s\ are all greater than zero. The angle 6 satisfies the relation -Z% < e > 0. The incremental dis- 
tance dsWjde . 

The contribution of the i* CCW turn to the Shupe bias error is 



0 

Likewise, the contribution of the j* CW turn to the Shupe bias error is: 



The integral of Eq.(19) is performed in the positive s' direction, which is from e = 0 to © = -2n. Reversing the limits 
of integration in Eq.(1 9) gives 



* -2it 

Finally, summing over the total turns gives the following general expression for the Shupe bias error: 




For physical reasons the phase perturbation function has to be periodic in e with period 2*. Therefore, it can be 
expressed in terms of a Fourier series which contains a term independent of 6, a sum over cosinusoidaJ terms and a 
sum over sinusoidal terms. Shupe bias error expressions for the different terms of that Fourier series are presented 
below. The contributions of the CCW and the CW turns have opposite signs in the expression for the Shupe bias error 
due to the 6-independent term of Eq. (26) below, whereas they have the same sign in the expression for the sinusoidal 
terms of Eq. (38) below. In addition, the Shupe bias due to the cosinusoUa) terms of Eq. (32) below is zero. 

Typical winding patterns are designed to locate each segment of the CCW coil-half in close proximity to its matched 
segment of the CW coil-half. In this way. the time-derivatives of the phase perturbations acting on both the segments 
are about equal in both magnitude and sign. Therefore their contributions to the Shupe bias error tend to cancel each 
other only for a 6-independent phase perturbation function or for the e-independent term of the Fourier series. 

On the contrary, for a sinusoidal phase perturbation function, if the time-derivatives of the phase perturbations act- 
ing on matched segments are equal in sign, their contributions to the Shupe bias error are added instead of subtracted. 
Therefore, the standard quadrupole wind by itself is probably not helpful in reducing the Shupe bias error due to sinu- 
soidal perturbations. 

In order to satisfy the ceil boundary conditions, the dynamic strain due to transverse vbratton and, therefore, the 
resulting phase perturbation function, have to be sinusoidal functions of e. As a consequence, the conclusion stated 
above on the sinusoidal terms of the Fourier series applies to transverse vibration as well. 

The following variables are used in addition to those listed above: 

s 0 (r,z,t) e-independent term of the Fourier series for the phase perturbation function; 
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e n (r,2,t) cos(ne) n* cosinusoidal term of the same Fourier series; and 
e m (r,z,t) sirt(m9) m* sinusoidal term of the same Fourier series. 

In the most general case, the phase perturbation function has to be a periodic function of the angle 6 with period 
2h. Therefore, the phase perturbation function can be expressed in terms of a Fourier series as follows: 

£(r i e i z,t) = £ 0 (r,z^ + ^e n {r.z^cos(ne)+ £e Jr,z,tjsjn(me). (22) 

n=1 m-1 

where the coefficients e„, and c m are functions of r. z and t but not functions of e. 

In the following portion of this disclosure calculates the Shupe bias error due to the different terms in the Fourier 
series of the phase perturbation function. The starting point for this calculation is Eq. (21) 

Shupe Bias Error Due to 9-lndependent Term 

We have to evaluate the integrals in Eq. (21) using only the Shupe bias terms due to the e-independent term E^r, 
z. t) of Eq. (22). The time derivative of this term is also independent of e and can be taken out of the integral, so that the 
result is: 



A*shupe.o«=L: 2 r i-afl(r^..) jM+s l0 )de + £ r, -^| r . 2jl J (r^) de 
' ' 0 1=1 -2 n 

Nccw g& 0 | 

2>« ef'w Jfrj*V*> • 



The two integrals yield: 

2 It 

J(r l 0+s jo )de=2n[7ir f +s lo ]. 



o 

I {^^^9-2^^1 (25) 

-a» 

Therefore the Shupe bias error due to the e-independent term of the phase perturbation function is given fay: 

A* 8hupe . 0 (t) = ^{ £r i [nr i+ s l J^| (li>I ,, ) -"fr^wjj^l J (26) 
e 1 i»i j-1 > 

It should be noted that in the above expression no integrals are involved, only sums. Furthermore, the contributions 
form the CCW turns and from the CW turns have opposite signs. 

Shupe Bias Error Due To Cosinusoidal Terms 

Now the integrals of Eq. (21) using the term of the form e n (r. z, t) cosine) are evaluated. The factor 
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can be taken out of the integrals. Thus, for each turn n. there is a Shupe bias error equal to: 
2t I £T Se, 



A*sh Upe ,n(t) - r I r, -^l w J (r ( 6 + sjcos node + £ r, || r ^. t j ( rj e-s it> )cosn8de . (27) 

C ( *=1 0 J=1 -2n j 

Performing an integration by parts yields the following result for the CCW turns: 
2 f. a esinef 1 2 ?sinne_ 

and 

2* 

JCrie+s^cosnedOsO. (29) 
o 

Similarly for the CW turns: 

|8cosne= - d8 = 0 (30) 

and 

o 

J (r | e-s to )cosnede = 0. (31) 

-Zic 

All of the integrals vanish so that the Shupe bias error due to arty cosinusoidal term is zero, which is expressed 
mathematically as 

A* S hup 6 .n» = °- (32) 

Shupe Bias Error Due to Sinusoidal Terms 

Finally, the integrals of Eq. (21 ) are evaluated using terms of the form e m (r, z, t)sin mO . Again the factor 

can be taken out of the integrals. Thus, for each turn m, there is a Shupe bias error equal to: 
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A4> Shup e,n(t) = fH I r, -^l,^,, |{r i e + s i0 )siniTi6dB + £ r, g| VjJ J (r^-s^sinmedO . 

c [ fai o H -2« ! 

Performing an integration by parts yields the following result for the CCW turns: 

Jesinme -*S5£*V _ 1S2^ Q = J« . (34) 

o m Jo J m m 



Similarly for the CW turns: 
Jesinme 



J bp** i 0 )sin mOdft = -— '. 



L_ r cosm( 
« 1 m 



(36) 



|{r i e-s fa )sinmede = -- 5 J. (37) 

-2* 

Therefore, the Shupe bias error due to the m* sinusoidal term of the phase perturbation function is given by 

It should be noted that, similarly to Eq. (26). no integrals are involved in Eq. (38), only sums Furthermore, Eq. (38) 
shows that the contributions from all the fber turns add up independently of the fact of being CW or CCW turns. There- 
fore, we can rewrite the second-hand member of Eq. (38) as a sum over all fiber turns in the coil. 

n(t) - 4, ST S r ? %V,r (39) 



where 



»T-"co**"am- (40) 

In this disclosure it has been shown that the evaluation of the Shupe bias error can be reduced to a calculation of 
sums for an possible phase perfejrbatjon functions. Two expressions were derived for the Shupe bias error according to 
the e-dependence of the perturbation Eqs. (26), (38) or (39). 

In Eq. (26) the quantities rj, rj, s j0 , s- p are all real and positive. Therefore, Eq. (26) shows that the contribution of the 
CCW turns and the contribution of the CW turns have opposite signs, that is. they tend to cancel each other (if the time- 
derivatives of the phase perturbations have the same sign). This is the same conclusion attained previously. However, 
it has now been shown that this conclusion is valid only for a phase perturbation function that is independent of 0 
(axisymmetrical perturbation) or for the Fourier term of the perturbation function which is independent of 6. 

Eq. (26) applies to Shupe bias due to time-varying temperature gradients ("Shupe 1") when the gradients are 
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mainly radial and/or axial. It also applies to Shupe bias due to temperature-dependent pressure gradient CShupe 2") 
^etricai eXamP ' e ' thermal ex P ansion of *e spool. In all these cases the phase perturbation function is axisym- 

Contrary to what was previously stated for Eq. (26). in Eq. (38) and (89) the contributions ol CW and CCW turns 
add up instead of subtract (depending on the sign of the time derivative of the perturbation function). In fart, that Eq. 
shows that it does not really matter whether a turn belongs to the CCW or to the CW halves of the col, as far as sinu- 
soidal terms of the perturbation are concerned. 

The dynamic strain due to transverse vbration is a sinusoidal function of e. Therefore, the conclusions stated 
above, obtained from Eq. (38) or (39) apply to transverse vibration. 

Eqs. (38) and (39) apply also to Shupe bias due to temperature gradients that are not Asymmetrical (at least to 
the sinusoidal components of the corresponding phase perturbation function). 

Correlation Between Coil Axial Bias vibration Response and Length of Potted Section of Coil 

FIGS. 6-13 graphically illustrate AC bias vibration data of eight fber optic rotation sensor coils fabricated using a 
carbon-black filled silicone as disclosed in U.S. Patent No. 5,548,482, issued to A. Cordova and O.M. Surabian for Pot- 
ted Fiber Optic Gyro Sensor Coil for Stringent Vbration and Thermal Environments. The disclosure of US. Patent No. 
5,546,482 is hereby incorporated by reference into the present disclosure. It has been found that such coils have neg- 
ligible transverse vibration sensitivity. Therefore, one embodiment of this invention is directed to the response of such 
coils to axial vibrations. 

The vbration response of a fiber optic rotation sensor coil is expressed in terms of the bias in degrees per hour 
divided by the product of the vibration frequency times the acceleration. It is convenient to express the acceleration in 
0 6 x^l o* °/sec/g ^ elerafon ° f flravity " 7,16 8x181 vibration sensitivity of the coils tested ranges from negligible to about 

Furthermore, a strong correlation has been found between the measured axial vbration sensitivity and the length 
of the potted section of the coil. It is understood that the length of the potted section of the coil does not include fber 
lead lengths. This is an important result since it suggests that the coil axial bias vbration sensitivity can be greatly 
reduced by properly selecting and controBing its length. One way to achieve control of the coil length involves selecting 
and controlling the volume of potting material applied to the coil during winding. Because of the mathematical nature of 
the Shupe bias error due to temperature ramps, as explained above, it is expected that the correlation with potted length 
is also present in the case of bias temperature ramp sensitivity. 

The following table summarizes the potted coil length data and the axial bias vibration data for the eight core coils 
mentioned above. The length data was inferred from measurement of the gyro proper frequency and knowledge of the 
fiber refractive index and then subtracting the coil fber lead lengths (including multifunction integrated optic chip lead 
lengths). The axial bias vibration sensitivity was obtained by performing a linear fit on tbe measured vibration data 
shown in FIGS. 6-13. FIG. 14 graphically illustrates the data of the table. 

Correlation Between Coil Potted Length And Axial Bias Vibration Response 



Coil Mo. 


Potted length (meters) 


Axial bias vibration 
response f/sec/g Hz) 


1 


199.41 


6x10 4 


2 


199.02 


6x10 4 


3 


198.67 


7x10 -4 


4 


198.44 


SxW 4 


5 


197.69 


3x10" 4 


6 


197.49 


4x10 4 


7 


197.42 


< 1 X 10 4 


8 


197.08 


< 1 x 10" 4 



Figure 14 shows a plot of axial bias vibration response versus coil potted length for these eight coils. A trend of 
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increasing vibration response with increasing length can be seen. Even though not all the points lie on a straight line, it 
is possible to make a fit with a slope of 

per meter. 

This data in the foregoing table suggests that in order to reduce the coil axial bias vbration sensitivity. (1) the nom- 
inal potted length should be about 197.00 m and (2) the tolerance in coil length should be about 50 cm (or 0.25 % of 

to the coil length). From the table shown above it may be inferred that the present average "potted" length of the coils is 
198.15 and that variation in length from coil to coil is about 1.2 %. A simBar study may be performed on gyro coils of 
nominally any length other than 198 meters. 

This embodiment of the invention is directed to ways to reduce the average length by about one meter and the var- 
iability by a factor of 5. In this particular embodiment the main coil parameter affecting coil to coil length variability is fie 

is volume of potting material applied during the winding process. 

This invention reduces the bias vibration sensitivity and the bias temperature-ramp sensitivity of ftoer optic rotation 
sensors by controlling and adjusting coil geometrical factors including the coil potted length, the adhesive layer thick- 
ness, the number of turns per layer, the number of layers and the way the winding is terminated. The windings may be 
terminated to form the coil as a complete quadrupole, a diapole, an incomplete quadrupole or an incomplete diapole. 

20 The Shupe effect calculation predicts that when the environmental thermal or vibratory perturbation is asymmet- 
ric (independent of the azimuth a angle e) then the contrfeutions of the clockwise turns and the contributions of the 
counterclockwise turns to the Shupe bias integral have opposite signs. Thus, by using special windings such as the 
quadrupole winding, these contributions tend to cancel each other. An axisymmetric perturbation can be expanded as 
a Fourier series of the azimuth. Thus, the statement made above applies to the azimuth-independent term of this Fou- 

25 rier series. 

Even though quadrupole winding is helpful in reducing the overall Shupe bias due to axisymmetric perturbations, 
there is always a small Tesidual bias" due to an incomplete cancellation of the different contributions within the same 
quadrupole. These residual biases due to the different quadruples add up to an overall bias error. By adjusting some 
geometrical factors of the coil design, a coil for which the residual net Shupe bias is negligtole is obtained. As an sxam- 
30 pie, the coil potted length can have a major effect on bias vbration sensitivity. 

The method for obtaining the desired reduction in Shupe bias ( due to either vibration or thermal ramp sensitivity) 
comprises the steps of 

1 . Defining the coil geometrical factors (potted length, turns per layer, number of layers, adhesive thickness) based 
as on system/gyro constraints such as maximum volume allocated and desired Sagnac scale factor; 

2. Selecting a geometrical factor (e.g. adhesive thickness) as a variable parameter; 

3. Winding several coils in which the selected geometrical factor is varied; 

4. Measuring Shupe bias (either vibration response of thermal ramp response); 

5. Selecting the optimum value and tolerance for the selected geometrical factor. (In fie embodiment presented 
40 herein this was the value of 1 97 m ± 0.5 m for the potted length.) 

6. Controlling the geometrical factor within the specified tolerance during the coil fabrication process. 

The structures and methods disclosed herein illustrate the principles of the present invention. The invention may 
be embodied in other specific forms without departing from its spirit or essential characteristics. The described ernbod- 
45 imerrts are to be considered in all respects as exemplary and illustrative rather than restrictive- Therefore, the appended 
claims rather than the foregoing descriptions define the scope of the invention. All modJications to the embodiments 
described herein that come within the meaning and range of equivalence of the claims are embraced within the scope 
of the invention. 

so Claims 

1 . A method for reducing non-reciprocaJ bias errors caused by the Shupe effect, comprising the steps of: 

forming an optical fiber coil from a length of optical fiber; 
55 potting the coil with a potting material ; and 

controlling the length of the optical fiber coil so its nominal potted length is a predetermined length that pro- 
vides a reduction in the Shupe effect due to vibration. 
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2. The method of claim 1 , including the step of forming the optical fiber coil as a complete quadrupole 

3. The method of claim 1 , including the step of forming the optical f iber coil as a diapole. 

4. The method of claim 1 , including the step of forming the optical fiber coil as an incomplete quadrupole. 

5. The method of claim 1 , including the step of forming the optical fiber coil as an incomplete diapole. 

6. A method for reducing non-reciprocal bias errors caused by the Shupe effect comprising the steps of: 

forming an optical fiber coil from a length of optical fiber; 
potting the coil with a potting material: and 

controlling the length of the optical fber coil so its nominal potted length is a predetermined length that pro- 
vides a reduction in the Shupe effect due to temperature ramps. 

7. A method for reducing non-recipmcal bias errors caused by the Shupe effect, comprising the steps of: 

forming an optical fiber coil from a length of optical fber; 
potting the coil with a potting material; and 

controlling the adhesive layer thickness of the optical fber coil so its nominal potted length is a predetermined 
length that provides a reduction in the Shupe effect due to temperature ramps. 

8. A method for reducing non-reciprocal bias errors caused by the Shupe effect, comprising the steps of: 

forming an optical fiber coil from a length of optical fber; 
potting the coil with a potting material; and 

controlling the adhesive layer thickness of the optical fber coil so its nominal potted length is a predetermined 
length that provides a reduction in the Shupe effect due to vibration. 

9. A method for reducing non-reciprocal bias errors caused by the Shupe effect, comprising the steps of: 

forming an optical fiber coil from a length of optical fber; 
potting the coil with a potting material; and 

defining the number of turns per layer in the optical fber coil so its nominal potted length is a predetermined 
length that provides a reduction in the Shupe effect due to temperature ramps. 

10. A method for reducing non-reciprocal bias errors caused by the Shupe effect, cornprising the steps of: 

forming an optical fber coil from a length of optical fiber; 
potting the coil with a potting material; and 

defining the number of turns per layer in the optical fber coH so its nominal potted length is a predetermined 
length that provides a reduction in the Shupe effect due to vibration. 

11. A method for reducing non-reciprocal bias errors caused by the Shupe effect, comprising the steps of: 

formhg an optical fiber ooi from a length of optical fber; 
potting the coil with a potting material; and 

defining the number of layers in the optical fiber coil so its nominal potted length is a predetermined length that 
provides a reduction in the Shupe effect due to temperature ramps. 

12. A method for reducing non-reciprocal bias errors caused by the Shupe effect, comprising the steps of: 

forming an optical fiber coil from a length of optical fiber; 
potting the coil with a potting material; and 

defining the number of layers in the optical fber coil so its nominal potted length is a predetermined length that 
provides a reduction in the Shupe effect due to vibration. 

13. A method for reducing non-reciprocal bias errors caused by the Shupe effect in a fber optic coil, comprising the 
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steps of: 

defining a set of geometrical factors for the coil; 
selecting a member of the set of geometrical factors; 

winding a plurality of fiber optic coils in which the selected geometrical factor is varied; 
measuring the Shupe bias in each of the plurality of fiber optic coils: 

selecting the optimum value and tolerance for the selected geometrical factor to minimize the Shupe bias; and 
controlling the selected geometrical factor within the selected tolerance wh»e fabricating the coil. 
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COIL MIDPOINT 




FIG. 1 
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